We propose an analytic model that accurately predicts the porosity and deposition rate of nanoporous films grown by oblique-angle deposition. The model employs a single fitting parameter and takes into account geometrical factors as well as surface diffusion. We have determined the porosity and deposition rate from the measured refractive index and thickness of SiO 2 and indium tin oxide nanoporous films deposited at various incident angles. Comparison of experimental data with the model reveals excellent agreement. The theoretical model allows for the predictive control of refractive index, porosity, and deposition rate for a wide range of deposition angles and materials. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2981690͔
In the optical sciences, the refractive index of a medium is the most fundamental quantity. Yet optical thin film materials with very low refractive indices, close to that of air, had been unavailable until recently when a new class of highquality, low-refractive-index ͑low-n͒ materials was demonstrated through the use of oblique-angle deposition of SiO 2 and indium tin oxide ͑ITO͒. 1, 2 Using this technique, the accurate control of the refractive index of any physical-vapor deposited thin film material can be achieved. By controlling the refractive index in multilayer graded-index films, it was shown that Fresnel reflection can be virtually eliminated. 1, 3 Such low-n films, and their index controllability, are highly desirable for a variety of optical applications, for example, broadband antireflection coatings, [4] [5] [6] omnidirectional reflectors, 7, 8 distributed Bragg reflectors, 9, 10 optical microresonators, 11 light-emitting diodes, 12 photovoltaic solar cells, 13 and optical interconnects. 14 In oblique-angle deposition, first demonstrated in 1886, 15 the growth and tunability of low-n films is achieved by control of the vapor flux incident angle.
1 For low-n films, two important characteristics exist: the refractive index and thickness of the film. Formulas accurately predicting these values, for a given vapor flux incident angle, are highly desirable. The qualitative tenets of oblique-angle deposition were laid out over a century ago, and there have been a number of studies on the structure of obliquely deposited thin films. Relations between incident vapor flux angle and column orientation have been proposed. 16, 17 More recently, expressions describing column angle and density as a function of deposition angle for films evaporated under conditions allowing only limited surface diffusion have been reported. 18 In this publication, we propose a model relating the porosity and deposition rate of a material to its vapor flux incidence angle for oblique-angle deposition. Our model, which employs a single fitting parameter, c, is based upon geometrical arguments, and takes into account surface diffusion. Porosity and deposition rates directly relate to the refractive index and thickness, respectively, and therefore such formulas allow for a predictive control of nanoporous film deposition, a capability that is highly relevant for the application of low-n materials.
The porosity of a thin film, P, is defined as the ratio between the volume of air in the film, V air , to the total volume of the film, V film . V film is the sum of the volume of the deposited materials in the film, V material , plus the volume of air V air ,
Next, an expression for V air is derived using geometrical arguments. A schematic of the oblique-angle deposition process is shown in Fig. 1 . Let us assume that the incident vapor flux forms nucleation sites or islands of height h. These islands prevent the incident vapor flux from reaching the region where deposition is obstructed. The shadow length, s, is given by h tan , where each nanocolumn is considered independent from one another. It is this self-shadowing that gives rise to a self-organized nanocolumnar growth. Incident vapor flux preferentially deposits on top of these nanocolumns which then begin to grow at a non-normal angle, however column angle is neglected in these calculations. height and volume of these columns increase, so does the volume of the shadowed volume, given by A cs s, where A cs is the cross-sectional area of the nanocolumn, considered independent of . By using the expressions for the shadow length and air volume, we obtain the porosity as
where V material is the volume of a nanocolumn. The following intuitive boundary conditions are satisfied by Eq. ͑2͒, at normal incidence, = 0°, a nonporous film is obtained, that is, P = 0%, while at = 90°, the porosity is given by P = 100%. Next, we take into account surface diffusion during the oblique-angle deposition process. At very small angles , a nonzero, finite shadow length is predicted by s = h tan . However, it is intuitively clear that surface diffusion of atoms will prevent the formation of a shadow region for extremely small shadow lengths, i.e., for very small angles . This property can be expressed as ds = 0 for Ϸ 0°or ͉ds / d͉ °=0 = 0. On the contrary, for large values of s, i.e., for approaching 90°, the shadow length should be unaffected by surface diffusion because the shadow length is much greater than the diffusion length. Alternatively, from a mathematical and symmetry perspective, we postulate that the function s͑͒ and its derivative must be continuous functions at = 0°i.e., ͉ds / d͉ =0 = 0. We therefore write the shadow length as s = f͑͒h tan , where f͑͒ is a function yet to be determined by the above-mentioned boundary condition
Besides the trivial solution f͑͒ = 0, the simple function f͑͒ = / ͑ / 2͒ satisfies this boundary condition. This function ensures that due to surface diffusion, no shadows form near = 0°and that diffusion has a negligible effect on the shadow length for angles near 90°. This result used together with Eqs. ͑1͒ and ͑2͒, yields
With this expression we are able to compare experimental data to the theoretical prediction made by Eq. ͑4͒. We acquired experimental data for obliquely deposited nanoporous films of SiO 2 and ITO. The materials were deposited on a silicon substrate using an electron-beam deposition system. Thickness and deposition rate were monitored using a quartz crystal sensor. The deposition rate was manually controlled at a constant rate of 0.2 nm s −1 and deposition was terminated when the quartz crystal monitor measured 200 nm. Sample thickness and refractive index were then measured using ellipsometery. The porosity of these thin films is then determined from the refractive index based on the linear volume approximation, 19 the Bruggeman effective medium approximation did not yield an appreciable difference. 20 Figure  2 shows the porosity of nanoporous films of SiO 2 and ITO deposited by oblique-angle deposition for a variety of angles and the theoretical curve of Eq. ͑4͒ using c = 3.17 for SiO 2 and c = 3.55 for ITO. Experimental data and the proposed theoretical model are in excellent agreement with a correlation coefficient R 2 Ͼ 99% for both data sets.
We proceed to calculate the deposition rate of a nanoporous, oblique-angle deposited films. First, we describe the deposition rate of a film grown at normal incidence as
where F is the volume flux of incident material ͑cm 3 cm −2 s −1 ͒. Tilting the substrate by an angle changes the projected area by a factor of cos . Therefore, the deposition rate at such an oblique incidence is
The deposition rate of a nanoporous film can now be expressed in terms of the volume flux and the porosity P as
where Eq. ͑4͒ was used to eliminate the porosity. The normalized deposition rate GR n is found by dividing Eq. ͑7͒ by the deposition rate at normal incidence
. ͑8͒
Next we compare the experimental deposition rate with the theoretical expression for the normalized deposition rate. Each SiO 2 and ITO data point was normalized by dividing measured thickness for a given angle by the thickness ͑318 and 200 nm, respectively͒ at normal incidence ͑ =0°͒, as measured by ellipsometry. Figure 3 plots the normalized deposition rates using the corresponding c values for SiO 2 and ITO along with the theoretical curves. Inspection of Fig.   FIG. 2 . ͑Color online͒ Theoretical model of porosity vs angle plotted with experimentally measured porosity data for ͑a͒ SiO 2 , and ͑b͒ ITO nanoporous films.
3 shows excellent agreement between experimental and theoretical deposition rates. Of particular interest are the deposition rates at incident angles close to 90°; we note that in the limit → 90°, the calculated deposition rate for SiO 2 tends toward 0.50 and deposition rate for ITO tends toward 0.44, both in excellent agreement with experiment. In summary, we have presented a detailed quantitative analysis of the porosity and deposition rate of nanoporous thin films deposited by oblique-angle evaporation. We have measured the thickness and refractive index for SiO 2 and ITO nanoporous films deposited over a wide range of deposition angles. The porosity of a material was determined from the measured refractive index. We have developed a theoretical model for porosity and deposition rate of obliquely deposited thin films while considering the formation of shadow regions and surface diffusion effect. Comparison of experimental data with the proposed theoretical model reveals excellent agreement. The theoretical model allows for the predictive control of porosity and deposition rate for all deposition angles, potentially a very useful tool in the development of high-quality low-n optical coatings. Furthermore, given the set of basic assumptions used, we expect these formulas to be valid for a wide range of materials.
